The properties of solvophobic surfaces in polar liquids are studied by sedimentation experiments as well as by force measurements using a scanning force microscope (SFM). Depending on whether the polar liquid contacts the solvophobic surface under normal air pressure or under vacuum the experimental results are different. Sedimentation velocities of vacuum-contacted solvophobic surfaces are similar to those of solvophilic vacuum-or aircontacted ones. However, for the air-contacted solvophobic surfaces there is a slip boundary condition of the hydrodynamic flow causing a change of the sedimentation velocity of about 20%, and a long-range attraction varying with the polarity of the liquid molecule is observed between them. These effects can be explained by an incomplete air dewetting of the solvophobic surface when brought into contact with the polar liquid at normal air pressure.
I. INTRODUCTION
A rich variety of experiments on the force distance law between two hydrophobic or more generally solvophobic surfaces immersed in a polar liquid have been performed over the past three decades. Nevertheless the mechanism and origin of the non-DLVO hydrophobic, solvophobic, attraction remain unclear up to now. One of the facts which seems to be of importance for the occurrence of this attraction is the tendency of polar liquids to form hydrogen bonds between the molecules. A broad overview on possible issues of relevance concerning the solvophobic attraction is given by Israelachvili (1) and Christenson (2) .
A characteristic feature of the interaction is the considerable strength of the force, which enables us to measure it with the surface force apparatus (SFA) or a scanning force microscope (SFM) at separations of the two interacting surfaces as large as 100 nm. The force follows approximately a double exponential behavior with decay lengths of 1-2 and 5-6 nm. Its strength is much larger than that of the dispersive van der Waals attraction and depends on the preparation conditions of the solvophobic surface. Only weak attraction is observed for surfaces solvophobized by adsorption of surfactants from solution, while strong effects are detected if the surfaces are solvophobized using Langmuir Blodgett transfer.
Cavitations occurring in strongly confined geometries is one explanation used for a theoretical description (3) of the interaction, and formulations based on structural effects propagating from the surfaces into the bulk of the liquid also exist (4, 5) . Another suggestion is that the interaction is driven entropically due to the rearrangement of solvent molecules in the vicinity of solvophobic surfaces (6 -11) or it is assumed that a phase transition happens at the interlayer between the solvophobic surface narrowing (12) .
More recent works confirm the basic features and add new aspects; however, no satisfactory explanation can be given so far. Meagher and Craig (13) measured the hydrophobic force between polypropylene surfaces in aqueous solution of varying ion concentration. No influence on the salt content was found. The attractive force was measurable until a separation of 30 nm in gas-free water while the range of the force was reduced if dissolved gas was present in the solution. Parker et al. (14) investigated the force between glass surfaces hydrophobized by chemisorption, such that the surface potential of the surfaces vanished in water. They varied the temperature, the salt content, and the surface tension solvent vapor by adding ethanol to the solution. In water the force was attractive at very large surface separations, and discontinuities or steps were present in the force curves which were interpreted as capillary evaporation and/or as the formation of a bridging vapor cavity between the surfaces. No differences were found whether the solution was degassed or not. Interesting in this context are SFM force measurements of Ducker et al. (15) with hydrophilic and hydrophobic glass beads opposed to an air bubble in water. The air/water interface of the bubble acts similar to a hydrophobic surface. For both hydrophilic and hydrophobic beads a long range non-DLVO force between the bead and the bubble was detected. In close analogy to the experiments of Parker et al. (14) discontinuities in the force distance law are registered, suggestive of a phase transition or bubble nucleation occurring between two hydrophobic surfaces at a critical separation. Wood and Sharma (16) succeeded in preparing very reproducible hydrophobic mica surfaces. Their experiments (17) based on this preparation showed a clear reduction of the attraction with respect to typical values measured otherwise in aqueous solution with varying ion concentration. On the other hand Wood and Sharma could observe the spontaneous formation of cavities on hydrophobic mica layers. Annealed layers, where these cavities were removed, showed ranges of the attractive force comparable to those of surfaces hydrophobized by surfactant adsorption from solution. These experiments contradict others in which the hydrophobized layer was also in air contact prior to the immersion of the solvent. Yoon et al. (18, 19) extended the measurements toward asymmetric silanized surfaces and used a phenomenological pseudo-Lifshitz theory for the description. Hato (20) investigated the attractive force between surfaces of a defined hydrophobicity immersed in water. Variation of the hydrophobicity led him to distinguish between two force components. One, the attraction in a longer distance regime was found not to be directly related to hydrophobic interaction; in a shortrange regime an increasing attraction was found that was not solely of van der Waals origin. Forsman et al. (21) discussed the force between two inert, planar surfaces in a liquid with respect to the effect of depression of the liquid density which resulted from the requirement of chemical equilibrium between bulk and confined fluid at all separations. The calculations on the basis of a density functional treatment (generalized van der Waals theory) revealed the existence of an attractive force between the surfaces, which at short and intermediate separations was substantially stronger than expected from conventional Lifshitz theories. Other contributions consider the influence of the hydrophobicity of the substrate on the geometry of adsorbed surfactant aggregates from the solution (22) or the influence of the adsorption on the hydrophobic attraction (23).
Mertesdorf et al. (24) investigated in situ the adsorption of FITC-labeled human serum albumin protein molecules at a thin film of polystyrene from aqueous buffer solution using scanning near-field optical microscopy (SNOM). The SNOM images provide two independent sets of data, the topography of the sample and the fluorescent intensity which is proportional to the adsorbed amount of the protein. The comparison of both images reveals holes of a diameter of about 50 nm with a significantly reduced adsorbed amount of the protein. There are no chemical reasons for this experimental fact and the inclusion of air bubbles would explain the experimental findings. It should also influence the static force law and the hydrodynamic properties of hydrophobic surfaces. Indeed strong evidence for long-time stable bubbles absorbed at hydrophobic surfaces in water was found recently by Carambassis et al. (25) performing force measurements between a hydrophobized microsphere attached to the cantilever spring of a scanning force microscopy and a hydrophobized flat silicon wafer. They found at large distances a weakly repulsive force followed by a sudden onset of largely attractive forces in a distance range of 50 to 100 nm. The forces were interpreted as hydrodynamic and electrostatic repulsion between the bubble surfaces at very large separations and the bridging forces between gas bubbles were responsible for the long-range attraction.
In this paper we try to support the last interpretation by presenting static force measurements using scanning force microscopy as well as hydrodynamic sedimentation measurements on silanized micron-sized beads. It will be shown that the force law and sedimentation velocities observed depend on the preparation conditions. Especially the presence or absence of air on establishing the contact of the liquid with the silanized surface leads to different static and hydrodynamic behavior of the surface. It is concluded that partial wetting with air of the silanized surface is the main reason for these differences and that bridging of air bubbles causes the long-range part of the solvophobic attraction.
II. EXPERIMENTAL

Measurements of the Sedimentation Velocity of Micron-Sized Spheres
A closed cuvette containing several glass beads within the liquid was mounted onto a microscope. The optical axis of the microscope was lying in the horizontal plane such that the object plane contained the falling direction. The image was observed using a charged coupled device Hamamatsu 1 3 -inch Chip connected to a video-editing package. After the cuvette was mounted, it was turned upside down and the glass beads started to fall down in the liquid. One single glass bead was hindered from falling by trapping it with optical tweezers fed by a diode laser of wavelength ϭ 832 nm through the same ZEISS-Neofluar 100X oil immersion objective used for the microscope. This strongly suppressed the influence of interactions between the beads while falling. At the same time it adjusted the distance of the bead to the cuvette wall to a value of 160 m. The power P ϭ 100 mW of the laser was low enough such that heating of the bead and the liquid was negligible. Once the other glass beads finished sedimenting the optical tweezers are switched off. The remaining bead starts falling and after reaching its equilibrium sedimentation velocity; the time needed for sedimenting 200 m was determined. Measurements were carried out at room temperature for several beads with different radii. The pixel resolution of the video system amounts to 700 nm and the relative error of the radii, being the quantity determining the resolution of the method, was better than 5%. The change in radius due to the hydrophobic covering and due possibly to remaining air on the surface was negligible and could not be resolved in the microscope images.
Force Measurements
Surface forces were measured by means of a Nanoscope IIIa scanning force microscope from Digital Instruments Inc. equipped with the D3000 stage. We used only rectangularshaped silicon probe cantilevers (S3G2T1-3L450-B, Nanosensors) mounted into a standard glass cantilever holder for working in liquid media. Besides propanetriol, measurements were also done in 2-butanol and in 1,2-propanediol (Sigma-Aldrich Chemie GmbH). Calibration of the cantilever deflection and the height signal was done as described in (26) . To get representative results, between 20 and 50 advancing curves (cantilever deflection vs scanner position) were collected at several (up to five) image-controlled areas on the glass plate samples. At each of these areas (in the following they will be referred to as sampling areas), the cantilever deflection was checked against the scanner position while the tip was in contact with the sample surface. The driving velocity chosen was as small as 8 nm/s because of the large viscosity ( 20°C ϭ 1.4 Pa s) of propanetriol. The spring constant of the cantilever was calculated from the geometric dimensions in combination with the frequencies of eigenmodes of the cantilever using the relationship
where L, w, and t are the length, width, and thickness, respectively (27) . is the density of silicon, f n are the eigenmode frequencies, and n are the corresponding coefficients. In this way the error of k could be minimized to 6%. Moreover, the measurements of one experimental setup (Experiment I and Experiment II) were carried out with one single cantilever.
III. PREPARATION CONDITIONS
Silica Beads for Sedimentation Experiments
Commercially available silica beads by Polysciences Inc. with a radii distribution of 3-10 m were used for sedimentation experiments. After the beads were heated in a twochamber vessel at 380 K for 24 h under vacuum conditions (10 Ϫ5 mbar) they were silanized from the gaseous phase with diethyl-tetramethyldisilazan (DETMDS). Nonreacted disilazan molecules were then removed by evacuation for 24 h. The liquid (propanediol, propanetriol, polydimethylsiloxane) was injected into one of the evacuated chambers to prevent air contact; the second chamber was filled with liquid under normal air pressure. It is important to note that in this way the silanation of both samples-vacuum-contacted and air-contactedoccurred under identical conditions. The cuvette was closed immediately after the liquid with the beads was filled into it and the sedimentation velocity measurements were performed.
Surface Preparation for the Force Measurements
The silanation of the glass slides (B270-Superwite, Gebr. Rettberg GmbH) was exactly the same as that described for the beads. Before coating, they were exposed to a commercial glass-cleaning solution (Küvettol, neoLab) at 40°C for 15 min in an ultrasonic bath. Then they were repeatedly rinsed with deionized water and thoroughly dried in a N 2 stream (5 N). The surfaces were contacted with the liquid in the absence and in the presence of air. In all experiments the contact of the cantilever to the liquid was established under normal air pressure. Liquid contacting under vacuum conditions was not possible with our equipment. The cantilevers were washed in pure ethanol (Merck) and dried in a N 2 stream. No further treatment occurred for the untreated cantilever, while silanized cantilevers were obtained using the procedure described above.
Suppression of Electrohydrodynamic Effects
Ϫ3 M ammonium-chloride-propanediol solution was used for the sedimentation experiments. The ammonium chloride added ensured a screening of possible electrostatic interactions of the bead with the liquid such that the Debye length is a few nanometers. Possible changes in sedimentation velocity due to electrohydrodynamic effects can be excluded in this way.
IV. RESULTS
Sedimentation Experiments
The sedimentation velocities for silanized and untreated silica beads with different radii in propanediol were measured. In Fig. 1 the sedimentation velocity is plotted against the radii of the beads for silanized and untreated silica beads.
It can be seen that silanized air-contacted glass beads exhibit larger sedimentation velocities than silanized non-air-contacted beads of the same radius. The difference between the sedimentation velocities is about 20%. Such an effect did not appear with untreated silica beads. Sedimentation velocities of either air-contacted or non-air-contacted, untreated beads were the same and coincided with the sedimentation velocity of silanized non-air-contacted beads.
Analogous experiments were performed in unpolar polydimethylsilazane (PDMS) (Fig. 2) . The effect described above vanished. All beads with same radius sedimented with equal velocities, regardless of which preparation conditions were used or whether a surface modification had been carried out. The difference in sedimentation behavior only occurred in polar liquids with silanized beads contacted with the polar liquid under normal air pressure. No gas bubbles could be seen on top of the spheres in any of the experiments. If gas bubbles were present their size must have been submicron.
FIG. 1. Sedimentation velocities for DETMDS-silanized and untreated silica beads with different radii in a 8.7 ϫ 10
Ϫ3 M ammonium-chloride-propanediol solution for air-contacted and vacuum-contacted beads. A slippage boundary condition at the bead solvent interface due to partial air wetting causes the air-contacted beads to sediment faster than vacuum-contacted beads.
FIG. 2.
Sedimentation velocities for silanized and untreated silica beads with different radii in nonpolar PDMS for air-contacted and vacuum-contacted beads. Both kinds of beads satisfy a nonslip boundary condition and sediment with the same velocity.
Force Measurements
Variation of the polarity of the liquid molecule when wetting the solvophobic surfaces in air. All experiments described in this section were performed with silanized glass surfaces opposed to a silanized tip. The deflection of the cantilever on approaching the glass plate was measured in three different polar liquids; butanol, propanediol, and propanetriol. Each liquid was contacted with the modified surfaces in air. Figure  3 shows a selection of raw data approaching curves. With increasing polar character of the liquid molecule, e.g., with increasing number of OH groups per molecule, the attractive force increases. While in the case of butanol at every sampling area only a very small attractive interaction could be detected, characteristic instabilities of the cantilever on approaching the silanized glass surface were observed for some areas of the sample in propanediol and even more pronounced in propanetriol. These instabilities occur as soon as the gradient of the attractive force exceeds the spring constant of the cantilever. However, they are not associated with the so-called "jump into contact," since the cantilever deflection after this jump stayed roughly constant. Some smaller instabilities followed on further approaching the surface until the contact point was reached. From there on the deflection varied linearly with the scanner position. The first cantilever instabilities occurred at separations up to 230 nm in propanediol and up to 100 nm in propanetriol, varying with the sampling area on the glass plate. The jump height detected was up to about 10 nm in propanediol and up to 25 nm in propanetriol. As can be seen from the measurements the curves were reproducible at the same sampling area on the glass slide, while only qualitative agreement was achieved if different areas of the sample are compared with each other. The forces calculated from a typical raw data curve are shown in Fig. 4 , revealing a strength of attraction of the order of a few nanonewtons. The attraction sets in from zero force; e.g., there is no repulsion detectable prior to the attraction.
Variation of contacting conditions of the silanized glass slides with the liquid.
The interaction force between an untreated silanized silicon cantilever and a silanized glass slide was measured in propanetriol under the two different liquidcontacting conditions for the silica surface. Figure 5 shows typical raw data curves for silanized silica plates wetted with propanetriol in air in comparison to the same kind of data for silanized silica plates wetted by propanetriol under vacuum conditions. Clear differences between the two preparation techniques can be seen, although there are also variations in the curves between the different sampling areas within one homogeneously treated glass slide. The air-contacted sample shows instabilities of the cantilever at somewhat smaller separations (20 nm) than those observed for the silanized cantilever (Fig. 3,  bottom) ; however, a direct comparison is not possible because the cantilever used for this experiment was weaker. The nonair-contacting sample showed interaction forces (Fig. 6) , which are much weaker in strength and shorter in range (nm). Sometimes the interaction is observed to be repulsive. As in the case discussed in the previous section there were variations in the deflection curves as the sampling area was changed. This
FIG. 3.
Interaction between a silanized silicon tip and a silanized glass slide in different polar liquids covering the surfaces after contact with air (Experiment I). A selection of typical advancing force curves (cantilever deflection vs scanner position) is presented (resolution 0.8 nm/pixel). For clarity the curves were shifted against each other by a y offset. Same symbols stand for one definite sample area. The spring constant of the cantilever used was determined to be 0.32 Ϯ 0.02 N/m. The discontinuities occurring in the deflection curves increase with the polarity (see contact angles in Table 1 ) of the surrounding liquid.
variation is more pronounced for the air-contacted sample than for the vacuum-contacted one.
Contact Angle Measurements
The contact angle at T ϭ 23ЊC of silanized and untreated glass was measured for all the polar liquids investigated in this paper using a commercial tensiometer DST 9025 Nima technology. They were measured using a dipping speed of 1.5 mm/min and are listed in Table 1 .
V. DISCUSSION
From the measurements performed it is evident that the properties of the interface between a silanized surface and a polar liquid are rather different depending on the wetting conditions. An explanation can be given following Ref. (25) on   FIG. 4 . Interaction between a silanized silicon tip and a silanized glass slide in different polar liquids covering the surfaces after contact with air (Experiment I). Force distance curves extracted from typical curves of Fig. 3 .
FIG. 5.
Interaction between a silicon tip and a silanized glass slide in propanetriol: comparison between air-contacted and vacuum-contacted silanized surface (Experiment II). A selection of typical advancing force curves (cantilever deflection vs scanner position) is presented (resolution 0.4 nm/ pixel). For clarity the curves were shifted against each other by a y offset. Same symbols stand for one definite sample area. The spring constant of the cantilever used was determined to be 0.24 Ϯ 0.02 N/m. Discontinuities in the deflection curves occur for air-contacted samples and are absent for vacuumcontacted samples. the basis of partial or complete air dewetting at this surface. In this way no assumptions of long-range structural changes of the liquid near silanized surfaces are needed to account for the behavior observed. Neither do we need to assume any phase transition induced in the interlayer between two silanized surfaces. The air dissolved within the liquid seems to be rather unimportant, since no special care was taken to degas the liquid and none of the effects took place for vacuum-wetted samples.
Wetting properties of liquids at solid surfaces are described using the contact angle of liquid-gas interface with the solid support. The contact angle is an expression for the relation between the surface tensions of the different phases involved (Young's equation) . Depending on whether the contact angle is between 0 and 180°or exactly 0 or 180°, partial wetting of the solid surface or complete wetting of the solid surface with only one phase (liquid or gaseous), respectively, occurs.
If the air were immiscible in the polar liquid, for solvophobic surfaces (contact angle larger than 90°) a polar liquid would never fully displace air, present when liquid contacts the solid support. As a consequence, immediately after contact, the solvophobic surface would be decorated with small gas bubbles. However, in general air dissolves in a polar liquid and the question concerning the average size and the long-time stability of these gas bubbles is difficult to answer from a theoretical point of view. Gas bubbles that are too small will shrink because they do not exceed the size of a critical nucleus. A radius of curvature of the bubbles in the order of 10 -100 nm should lead to a Laplace pressure dissolving the bubble in the surrounding liquid within microseconds to milliseconds (28) . The shape of the adsorbed bubble, however, must not be a cap of a sphere. A negative line tension of the three phase contact line could produce a pancake-shaped bubble of significantly lower Laplace pressure, which might be stable. Large gas bubbles on the other hand will give rise to a buoyancy large enough to tear off the bubble from the surface. Due to these instabilities one might expect, as done in most of the work concerning the hydrophobic interaction, a clean gas-free hydrophobic surface covered completely with the polar liquid.
Assuming the instabilities mentioned above do not deal with the full-size range of gas bubbles, then some bubbles of intermediate size, for example 20 -50 nm in diameter, will remain at the surface. As a consequence the hydrodynamic flow of the liquid around an air bubble-decorated glass bead will be changed. While the liquid has to stick at the solid-liquid interface, slippage is allowed at the liquid-gas interface. The total reduction in the friction force F f caused by hydrodynamic flow around the bead will lie between 0% for a non-gascovered and 33% for a fully gas-covered one. It can be described quantitatively by assuming a homogeneous friction coefficient ␤. The viscous drag on such a bead is given by
with the viscosity, and r the radius of the bead (29) . For ␤ 3 ϰ, i.e., no slip, we regain the ordinary Stokes formula, while for ␤ ϭ 0 we get the equation for a gas bubble. A reduction of 20% as observed in the experiment leads to a value of ␤r/ Ϸ 2, which is in agreement with a partially air-covered bead. The change in radius due to the air coverage is much smaller than the radius itself and can be neglected. In approaching two silanized partial air-wetted surfaces in polar liquids (force measurement using the SFM), the observed cantilever instabilities are due to capillary forces which result in the coalescence of opposing bubbles forming a gas bridge. For a partially gas bubble-covered surface, the force measured with the SFM at a definite area will vary from sample area to sample area, depending on whether two bubbles or none are opposing each other. The capillary forces will roughly be of the order ␥d with ␥ the surface tension of the air-liquid interface and d the size of the bubbles. It has been shown by Parker et al. (14) that the hydrophobic force indeed varies as ␥ is changed by adding ethanol to the solvent. Assuming a surface tension of the order of 100 mN/m and a bubble size of 10 nm we end up with forces of the order of nanonewtons. This is the order of magnitude of the forces and order of magnitude of the range observed for the long-range part of the solvophobic (hydrophobic) interaction. The heterogeneity of the surface due to the gas bubble decoration also explains the scatter of the data as one moves from one area of the sample toward another. Varying the polarity of the liquid changes the contact angle and therefore also the gas bubble size being stable at the solid surface. For larger gas bubbles the force is stronger and the force should be more long range. This is also consistent with the data shown in Fig. 3 . The assumption of remaining gas bubbles when wetting the solvophobic surface with polar liquids was first proposed by Wood and Sharma (17) . It explains also the difference seen in experiments with the surface force apparatus (SFA) (2) . Differences occur for surfaces hydrophobized by means of the Langmuir Blodgett technique compared to those hydrophobized by self-assembly from the solution. Long-range attractive forces are observed for Langmuir Blodgett layer-covered surfaces. This is consistent with our observations, since all Langmuir Blodgett-coated surfaces usually are exposed to air, before being contacted with the polar liquid (water) in the SFA. Therefore gas bubbles are incorporated in the surface. In the case of self-assembled monolayers, the hydrophilic surface is wetted with water. No gas bubbles remain at the surface because it is hydrophilic. Only after the water wets the surface, surfactants may adsorb and change the surface to hydrophobic. In this case no dewetting process of gas at the hydrophobic surface must take place. It is for this reason that no long-range attraction is observed.
The gas bubbles may as well explain some differences seen in experiments with the SFA compared to force measurements with the SFM. As the SFA measures forces between macroscopic surfaces, the heterogeneity due to the gas bubbles is averaged, and no matter how hydrophobic the surface has been, one gas bubble will always be in the contact region of both surfaces. Therefore long-range attraction is observed if the surface is hydrophobic, but no systematic dependency on the amount of hydrophobicity is found. In experiments with the SFM, heterogeneity of the surface makes a strong effect. As described before, force distance curves depend on the sample area chosen for the experiments. It may therefore well be that if only the sample areas showing the strongest attraction are chosen for the evaluation a dependency on the contact angle (18, 19) becomes visible, which is not measured in the averaged data.
VI. CONCLUSIONS
Evidence is presented that the presence of the air bubbles is the origin of the long-range solvophobic (hydrophobic) attraction observed in force measurements and of the deviations from the Stokes law seen in sedimentation experiments. Solvophobic attraction and slip boundary conditions are not observed for wetting of the surface with the polar liquid under vacuum. No structural changes within the liquid nor phase transitions induced by the surface are needed for the explanation of the solvophobic attraction. A nucleation of gas bubbles at the surface from gas dissolved in the liquid has not been observed. Contact of polar liquids with solvophobic surfaces should be established under vacuum conditions if one is interested in specific interactions of those surfaces.
